Abstract. Ambulatory assessment targets capturing psychological, behavioral, and physiological data in "real time" using in-field data acquisition systems. Although ambulatory assessment research has flourished particularly in the last decades, overviews on hardware and software solutions for monitoring are scarce, and -if found -are often outdated. In this review, we give an overview of current software and hardware solutions, focusing on multichannel systems for physiological data acquisition and hand-held computer based "experience sampling" systems. We aim at offering the reader guidance with regard to their choice of psychological and physiological monitoring solutions, giving special emphasis to key features relevant for different research questions.
The ambulatory assessment approach aims at capturing psychological, behavioral, and physiological data in "real time" using in-field data acquisition systems (Fahrenberg, 2001) . Under the broad concept of ambulatory assessment, specific approaches can be summarized, such as in-field physiological monitoring, experience sampling (e.g., Csikszentmihalyi & Larson, 1987) , or ecological momentary assessment (e.g., Schwarz & Stone, 1998) . Ambulatory assessment research has flourished particularly in the last decades (Fahrenberg & Myrtek, 1996 EbnerPriemer, 2006 ) and more sophisticated hardware and software equipment that facilitate ambulatory monitoring have become available. For instance, the introduction of handheld computer-based experience-sampling has largely replaced the paper-and-pencil based "beeper" timed diary studies that were most common in the early years of ambulatory monitoring of psychological variables (cf., Fahrenberg, 2001 ).
However, overviews on hardware and software solutions for monitoring are scarce, and -if found -are often outdated. This clearly is often a barrier for researchers new to the field of ambulatory assessment, who would like to address research questions using monitoring, but find it hard to obtain the necessary information on available equipment. In this review, we want to close this gap. We give a concise overview of current software and hardware solutions for ambulatory monitoring of physiological and psychological data. Specifically, we aim at offering the reader guidance with regard to their choice of monitoring solutions. Hence, special emphasis is given on features and criteria for the selection of appropriate hard-and software.
Our paper is divided in two sections: First, an overview on systems for psychophysiological monitoring is given (U. E.-P.). We considered only multichannel solutions, as numerous descriptions of single-channel systems have already been published, e.g., EEG (Schomer, 2006) , activity monitoring (de Vries, Bakker, Hopman-Rock, Hirasing, & van Mechelen, 2006) , sleep monitoring (Littner, 2005) , or gas exchange (Meyer, Davison, & Kindermann, 2005) . In the second part of the review, solutions for monitoring psychological variables are described, emphasizing, in particular, available open source solutions (T.K.).
We applied a two-field strategy for gathering information on monitoring software and hardware. First, extensive web searches were conducted and the companies' websites and -if available -product brochures were evaluated. Furthermore, a structured questionnaire was sent out to the manufacturers, asking for specific information on product features that are of relevance for research. Please note that we included in this review only the companies and developers that responded and gave full information on their systems. As well, please keep in mind that the development of hardware and software systems is a rapidly evolving field with often very short product cycles. Thus, although the information that is given is correct to the best of our knowledge at the time of the preparation of this review (last update March 2007), the described products might have been further developed and features added or changed, in the meantime. Hence, we cannot guarantee the accuracy of the information.
Hard-and Software Solutions for Psychophysiological Ambulatory Assessment
Physiological ambulatory monitoring devices were selected according to the following criteria: We included devices with which more than one physiological parameter can be measured, because reviews for single-channel solutions already exist. Second, we integrated current products, i.e., devices that have been updated and improved in recent years; and we did not list products where the manufacturers did not responded to our request for information. Thus, a total of 11 monitoring solutions are listed in Table 1 . The broad diversity of potential areas of application and research questions is such that no single device currently available will meet all the potential demands and research interests. The choice of devices needs to be based on the selection of physiological parameters and the software functions. In the following section, several issues that are relevant for choosing a specific physiological monitoring solution are outlined.
Specialized vs. Multipurpose Devices
The most important decision concerns the distinction between specialized vs. multipurpose devices. Some products come with a preset configuration (e.g., LifeShirt, Portapres, Vital Sense). These convenient devices are limited in the sense that the physiological parameters, the selection of channels, the operating characteristics, and other features are wholly predetermined. These highly specialized devices are simple to handle. Devices that use modular, multipurpose designs (varioport, VU-AMS, g.MOBIlab, PAR-PORT, vitaport, Flexcomp) are more flexible and can be adapted to a range of research questions. Most multipurpose devices support the registration of every thinkable analog signal and give the user great flexibility. However, they are often not as well supported by application software. Problems may emerge with the analysis of the biosignals, such as the software having not been validated for a biosignal of interest. Users, thus, may have to invest in such development, a process that can be considerably more expensive and time-consuming than buying new devices for every new study.
Software
If the researcher does not want to program the software for the analysis of the biosignals on his own, then, in addition to the choice of the biosignals, the choice of software is certainly a primary criterion. The user has to bear in mind that the software offered by the companies does not necessarily include every parameter for which recording hardware is available. This means that you have to look carefully at whether and to what degree your biosignal of interest can be processed by the analysis software. This is true for both specialized and multipurpose devices. Further, there is a considerable difference in the degree to which different programs facilitate analyses. Some programs only provide an output for basic statistics such as minima, maxima, and average values. Other manufacturers provide software tools for a complete analysis of all of their biosignals. However, data export options in standard formats, such as ASCII or CSV, exist in all listed monitoring solutions.
Physiological Parameters
Many physiological recorders have been specifically designed and optimized for the measurement and analysis of one specific parameter. For example, calibrated respiration can only be measured with the LifeShirt (Vivometrics, Ventura, CA, USA), continuous blood pressure only with the Portapress (Finapres Medical Systems, Amsterdam, The Netherlands), impedance cardiography with a technically demanding averaging function is only available with VU-AMS (Vrije Universiteit Amsterdam, Netherlands), EEG with an electrode cap and standard assessment software is only available from g.MOBIlab (g.tec, Graz, Austria), while the only provider of body core temperature is VitalSense (MINIMITTER, Bend, OR, USA).
Sampling Rate
Limited memory was still a challenge a number of years ago. At that time, signals were sampled at a low frequency and preprocessed or averaged signals were stored, e.g., only heart frequency or interbeat-intervals instead of the raw ECG. This, however, renders the subsequent correction or inspection of the raw data impossible, e.g., to determine if implausible values were caused by noise. Continued progress in miniaturization has now overcome the problem of limited memory, meaning that modern devices do now save raw signals at a high resolution (2048 Hz).
Online Analysis
Some devices such as varioport (Becker Meditec, Karlsruhe, Germany) and g.MOBIlab offer the additional possibility of online analyses, and are, therefore, known as recorder-analyzer systems. These systems support interactive monitoring. Biosignals are analyzed online and when selfdefined thresholds are exceeded feedback is given, for instance, a palmtop would beep and require response to e-di-ary questions. Without online analyses the assignment of psychological questions to physiologically relevant episodes will be purely coincidental. A major advantage of online analyses is that the occurrence of processes can be optimally exploited. This methodology was used in the past with great success by the Psychophysiology Research Group Freiburg (Myrtek, 2004) . However, online analyses must be programmed by the user. MATLAB, C, and Simulink can be used for g.MOBIlab, and the programming language SPIL for the vitaport/varioport family.
Conclusions
The presented table should give you a first impression on modern hard-and software solutions for psychophysiological ambulatory assessment. Although the details of the table have been checked by the manufacturers, we cannot take responsibility for the correctness of the information. We would further like to draw attention to the fact that the names of the functions do not necessarily refer to the same function. For instance, some manufacturers understand the term telemetry as a wireless data transfer over short distances (e.g., in the laboratory from the recorder to the computer) while other manufacturers understand this term as referring to online transfer of data via a mobile telephone connection. Such points require clarification with each of the manufacturers individually. It is also advisable to contact experts who have acquired some years of experience with the device of interest before purchasing. Some colleagues have programmed their own software systems (e.g., Freiburg Monitoring Systems (FMS); Myrtek, Foerster, & Bruegner, 2001 ) and made these available to other researchers. A point of caution is that many companies are small manufacturers and past experience shows that a lot of devices like the M2P, Medilog, BIOPORT, MULTITAL-ENT, and LOGOPORT have disappeared from the market. Other reviews (Fahrenberg, 2001 , Heger, 1990 , for instance, also mentioned hardware solutions from other companies such as the Motion Logger from Ambulatory Monitoring, Inc. (www.ambulatory-monitoring.com), the Biolog from UFI (www.ufiservingscience.com), the CardXplore from PMS (www.pmsinstruments.com), the Embletta from embla (www.embla.com), the Flexilog from Oakfieldinst (www.oakfieldinst.com), the Physio-Logger from Med-Natic (www.med-natic.de) and the AIM-8 (www.microtronics-nc.com). However, these products failed to meet previously mentioned criteria.
Software Solutions for Psychological and Behavioral Monitoring
As with psychophysiological devices and systems, web searches were conducted to identify software suitable for ambulatory monitoring of psychological and/or behavioral measures that use hand-held computer (HHC) technology. Manufacturers and developers were then provided with a structured questionnaire for giving feedback on their products' features. Table 2 gives an overview of currently available solutions. Please note that the table's contents are primarily based on the information provided by the developers, and -if no feedback was given -on data from the manufacturer's website or product brochures. Software that was actually tested by the authors comprise ESP, PMAT, MONITOR, IzyBuilder, and EntryWare. The manufacturers' contact details and information on licensing and pricing are listed in Table 3 .
Available monitoring software solutions can be divided into two major categories. First, four free software solutions were identified (ESP/iESP, CAES, PMAT, MONI-TOR). These packages usually were developed by university-based research groups who used them for their research themselves and, now, provide them freely over the internet, in some cases also supplying source code (ESP/iESP, PMAT, MONITOR). Second, commercially available products are listed. Furthermore, software that offers a "stand-alone" monitoring framework can be distinguished from solutions where the ambulatory monitoring component is embedded into a larger software package (e.g., StudyBuilder, which offers a fully integrated environment for clinical multicenter studies, or Noldus Pocket Observer, which is part of the larger Observer family intended primarily as a comprehensive solution for observer-based behavioral monitoring). In the following sections selected aspects of the available software are described in detail with a focus on special features that are unique compared to other solutions.
Relevant Features
Besides technical information on supported platforms, programming environment, and output formats, information on features relevant for experience sampling was obtained. These include, in particular, the following (see Conner Christensen, Feldman Barrett, Bliss-Moreau, Lebo, & Kaschub, 2003 , for an overview).
Item Formats
In order to allow flexible assessment, a variety of item formats should be included, such as item list, checkboxes, drop-down list -which can be combined to yield different item types (Likert-type scale, multiple selections). The possibility of free text entry and displaying visual analog scales (and, e.g., "slider" type widgets) is also highly desirable.
Sampling Schemes
A crucial feature concerns the software's capabilities of providing flexible sampling schemes, including time and event sampling, as well as their combination. In addition, randomized time sampling (i.e., setting a time window in which the actual trial is triggered by the software at a random time point), and the option of defining several distinct events that are associated with different sets of questions are valuable features.
External Trigger Capabilities
As for event sampling, the possibility of externally triggering a HHC trial is desirable. This can include, among others, a software (and hardware) HHC interface that allows for a combination of psychological and physiological monitoring, such as increases in heart rate triggering a HHC trial via other (ambient) external signals, such as noise or temperature.
Control Flow Features
Control flow features are a desirable capability, for instance allowing for branching within question sets depending on the participants' responses. These also include the possibility of accessing data acquired in antecedent trials (e.g., information from antecedent trials being used for the selection of question sets for consecutive trials for one participant).
Signaling
Modern HHC devices usually are capable of signaling with either sound, vibration, visual signals, or a combination of these. Some models can use digitized sounds for signaling. An important feature is the availability of a "do not disturb" function, allowing the participant to choose to turn off signaling temporarily or switch from acoustic signaling into a vibration only "silent mode." Thus, adherence to the sampling scheme can be enhanced. Anecdotic Consolvo & Walker, 2004) . To date, however, iESP is no longer compatible with the current version of ESP and most of the enhanced iESP features have been included into the ESP software.
CAES
The Context-Aware Experience Sampling (CAES) package is a PocketPC environment developed by Stephen Intille at the Massachusetts Institute of Technology, specifically for externally triggered assessment (Intille, Rondoni, Kukla, Anacona, & Bao, 2003) . On the package's website, for instance, triggering by motion sensors and GPS is discussed. Whereas this is a very interesting approach, CAES is still mainly a developer's tool and, thus, is not listed in Table 2  and Table 3 . Precompiled binaries are available for download, which are prealpha and date from 2003.
PMAT
The Purdue Momentary Assessment Tool (PMAT) was developed by Marc Weiss and colleagues at the Purdue Military Family Research Institute (Weiss, Beal, Lucy, & MacDermid, 2004) . Desktop binaries for Windows and Mac are available, as well as applications for PalmOS and PocketPC systems, which have to be installed on each mobile device. Several item formats (based on system-inherent widget sets) are featured, as are various control flow functions. In contrast to the ESP/iESP packages, PMAT allows very flexible sampling schemes, especially combined event and time sampling, multiple events, and user-defined timesampling points. PMAT comes with a thorough manual. The package's source code is not downloadable from PMAT's website, although the -in most aspects comprehensive -manual states otherwise. PMAT is only available in English and several built-in functions display English text that cannot be modified (e.g., the option to activate the valuable "do not disturb" feature that is offered on start-up and in sleeping mode by default), so its use with non-English-speaking participants is currently limited.
MONITOR
The software package MONITOR was developed by the Psychophysiology Research Unit of the University of Freiburg, Germany (Fahrenberg, Hüttner, & Leonhart, 2001) . A comprehensive manual is available, although currently only in the German language. It is capable of a variety of item formats, as well as very flexible sampling schemes. Free text entry is possible, a feature seldom found in other packages. Freehand text can easily be entered, as the supported hardware comes with a fully functional keyboard integrated in the Psion HHC. The programming is done by writing and editing batch-type command files, which is a bit more cumbersome than with solutions offering a window-based development environment. As a very interesting, and scarcely found feature, three different cognitive performance tests can be incorporated (go/nogo reaction task, multiple-choice reaction task, working memory), that in itself offer diverse further options in turn. A unique feature is the ability to access data acquired in prior trials, i.e., for instance, question sets can be modified in dependence of the participant's answer in prior trials. Furthermore, one of MONITOR's strengths is its ability to receive external trigger signals. Developed in the context of psychophysiological research, MONITOR is an integral part of the FMS , described in detail in the section on solutions for psychophysiological solution, in addition to serving as the possibility of being used as a stand-alone system for monitoring psychological data.
One major drawback, however, lies in the fact that MONITOR is running on the HHC of the Psion series, which have not been produced since the late 1990s. Al-though the operating system used (EPOC) is still in use, e.g., on mobile phones, ports to different EPOC hardware are not planned. Psion HHC with full support for MONI-TOR (Psion Series 3a/c/mx, Revo, Series 5) can only be obtained second-hand and it has become increasingly difficult to obtain fully functional machines in recent years. However, with the MONITOR program itself being available under GPL open-source license, ports to still available EPOC-based hardware are possible as well as desirable. The studies reported by Ebner-Priemer and Sawitzki (2007) and Kubiak and Jonas (2007) in this special issue used MONITOR.
Commercial Solutions IzyBuilder
IzyBuilder by IzyData Ltd. (Fribourg, Switzerland) is an integrated software suite for mobile data acquisition using PocketPC or PalmOS based devices. The program can be licensed for either PalmOS or PocketPC use, additional licenses are required for each mobile device. The software comes in two versions, a Data Acquisition and a Research Edition. The latter allows for flexible sampling schemes. A particular strength of this package lies in its intuitive desktop development tool and the possibility of freely designing screens and combining item formats (much like a Microsoft Visual Studio type application). As well, an HHC emulator is included in the desktop software, allowing for thorough testing of a project before mobile devices are used. The rendering of IzyBuilder projects on older HHC machines, however, can be slow. The studies reported by Michaël Reicherts et al. (2007) and Wilhelm and Schoebi (2007) in this issue used IzyBuilder.
StudyBuilder
StudyBuilder (StudyBuilder, Ltd., Oxford, UK) is an integrated software suite aimed specifically at the design and conduction of multicenter clinical trials in the field of medicine. Therefore, tools for conventional questionnaire design are included. A server edition is available that allows for central data integration and management of distributed study centers, using, e.g., internet-based services. For ambulatory assessment applications, a toolbox for HHC-based data acquisition is included, offering a wealth of item formats. An item feature unique to StudyBuilder is the use of picture-map type graphs for data acquisition. Using this picture-map data entry, a definable chart can be displayed on the HHC screen, and the participants enter their response by touching the screen with the stylus on the appropriate position on the chart. Speech recording is also available, and automated speech-to-text modules are included. A standard set of questionnaires and tests that are typically used in large-scale multicenter trials is supplied, as well. A variety of platforms is supported, ranging from PalmOS, PocketPC-based devices, to WAP-based applications for the use with mobile phones. Under the current licensing policy, an infinite number of licenses for PocketPC mobile devices is included with one StudyBuilder professional edition license. For PalmOS and other mobile system support, however, StudyBuilder's more expensive versions are required. Server-based solutions are also available that allow for central integration and management of data acquired by the mobile devices.
EntryWare
The EntryWare package (Techneos System Inc., Vancouver, Canada) is a software suite specifically designed for mobile data entry, including self-report monitoring, and runs on PalmOS as well as PocketPC. Its capabilities include a variety of item formats (also using bitmaps for graphical data entry), flow control and branching, and signaling features. An intuitive desktop development environment is part of the package. EntryWare comes in several versions, but for flexible sampling schemes the Enterprise edition has to be used; each mobile device, in addition, requiring a mobile license (see Table 3 ). Server-based solutions are provided as well.
Pocket Observer
The Pocket Observer by Noldus Information Technology bv (Wageningen, The Netherlands) is part of the Observer software family, i.e., a software package designed for facilitating behavior observation and coding. Thus, it is not a tool for assessing in-field self-reports. The package was included here, however, as it is a noteworthy mobile solution that could add to many field studies that aim at observing human or animal behavior in naturalistic settings (e.g., Eckhardt & Waterman, 2004) . Pocket Observer is fully integrated into the Observer package and runs on PalmOSbased machines. Categories and different sampling strategies for implementing HHC-based coding of observed behavior can be easily implemented by the user.
DiaryTimer
The DiaryTimer software, developed by Jan Houtveen of Utrecht University, The Netherlands, is a multipurpose time-and event-sampling module for PalmOS devices and allows for very flexible sampling strategies. Please note, that DiaryTimer essentially is the timer-and event-handling module and needs to be complemented with additional questionnaire software for actual data acquisition. A nice example of the use of DiaryTimer is the Online Digital Assistance (ODA) system by Marjolijn Sorbi and colleagues (Sorbi, Mak, Houtveen, Kleiboer, & van Doornen, 2006 ), a smartphones-based diary with telemetric, web-based features, for data acquisition and self-management facilitation in migraine patients.
PsycLab Mobile/EAR
PsycLab Mobile has evolved from the HHC-based software package, EAR, which was developed by James W. Pennebaker (University of Texas) and Matthias Mehl (University of Arizona), as a specific solution for providing infield audio recordings (Mehl, Pennebaker, Crow, Dabes, & Price, 2001; Mehl, 2007, this volume) . Several sampling schemes are implemented. "Classic" experience sampling features, i.e., assessment via HHC-based questionnaires, are still missing, although -according to the company's website -these are in the process of being added. Licensing fees vary with the software's audio recording and sampling capabilities.
Concluding Remarks
In psychological research, free ambulatory monitoring software seems to be the most common. Open source projects have experienced especially rapid development in recent years, the ESP package being the most prominent example. The rather quick development cycles typical for open source (cf. Raymond, 2001 ) clearly have many advantages for users, as new (and individualized) features can be integrated easily, given that one has some programming skills. Except IzyBuilder, all other commercially available software has been developed not specifically for the purpose of experience sampling, but, nonetheless, may meet the needs of researchers in the field of monitoring psychological and behavioral parameters. This section's focus was on the available software and its capabilities. Companies that provide integrated solutions with study planning and mobile data acquisition services for end-users (e.g., invivodata, Pittsburgh, PA, USA, http://www.invivodata.com, or PHT Corp., Charleston, MA, USA, http://www.phtcorp.com) were not covered. Furthermore, developers' tools, such as Pendragon Forms (Pendragon Software Corp., Libertyville, IL, USA; http://www.pendragon-software.com; used, e.g., for implementing the DiaryTimer software, described above) were not covered, though they could be used for the implementation of experience sampling by more experienced users. As well, with regard to hardware technical issues, which have been largely omitted in this review, it has to be noted here, that -depending on the specifications of the mobile devices and the version of the OS used -not all features can be used (e.g., a vibration function is not available in all HHC models) and programs may not run smoothly. Furthermore, if one is planning a project in ambulatory monitoring one should consider carefully the different solutions, as HHC devices differ, for instance, in weight, size, and in the type of energy supply (rechargeable vs. exchangeable battery packs), which can clearly contribute to the research endeavor's feasibility and success.
We hope that this succinct overview will facilitate the choice of ambulatory monitoring systems, and encourage further research in the field of ambulatory assessment. In closing, we would nevertheless like to cite a remark by Jochen Fahrenberg, a pioneer of ambulatory monitoring research, at an expert meeting of the European Network of Ambulatory Assessment in 2005: "After 30 years of development, you have the hard and software available we always dreamed of. Now use it!"
